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ABSTRACT
Ellerman bombs (EBs) are small-scale intense brightenings in Hα wing images, which are generally
believed to be signatures of magnetic reconnection around the temperature minimum region of the
solar atmosphere. They have a flame-like morphology when observed near the solar limb. Recent ob-
servations from the Interface Region Imaging Spectrograph (IRIS) reveal another type of small-scale
reconnection events, termed UV bursts, in the lower solar atmosphere. Though previous observations
have shown a clear coincidence of some UV bursts and EBs, the exact relationship between these
two phenomena is still under debate. We investigate the spatial and temporal relationship between
flame-like EBs and UV bursts using joint near-limb observations between the 1.6–meter Goode Solar
Telescope (GST) and IRIS. In total 161 EBs have been identified from the GST observations, and
∼20 of them reveal signatures of UV bursts in the IRIS images. Interestingly, we find that these
UV bursts have a tendency to appear at the upper parts of their associated flame-like EBs. The
intensity variations of most EB-related UV bursts and their corresponding EBs match well. Our
results suggest that some of these UV bursts and EBs are likely formed at different heights during a
common reconnection process.
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1. INTRODUCTION
Solar Ellerman bombs (EBs) are characterized
as compact intense brightenings in images of the
extended Hα wings (Ellerman 1917; Ding et
al. 1998; Georgoulis et al. 2002; Watanabe
et al. 2008, 2011; Nelson et al. 2013, 2015;
Vissers et al. 2013, 2015; Yang et al. 2013;
Rezaei & Beck 2015). They reveal no obvious
signatures in Hα core images, and are gener-
ally believed to result from magnetic reconnec-
tion around the temperature minimum region
(TMR). EBs are usually found in active regions
(AR), though recent observations also show sim-
ilar features in the quiet sun (Rouppe van der
Voort et al. 2016; Nelson et al. 2017). EBs
often exhibit a flame-like morphology when ob-
served near the solar limb with high-resolution
instruments (Hashimoto et al. 2010; Watanabe
et al. 2011; Rouppe van der Voort et al. 2016).
Recent three-dimensional (3D) magnetohydro-
dynamic (MHD) simulations have reproduced
some properties of flame-like EBs (Danilovic
2017; Hansteen et al. 2017).
UV bursts are another type of small-scale re-
connection events in the lower solar atmosphere,
often observed in emerging ARs (e.g. Peter et al.
2014; Chitta et al. 2017; Zhao et al. 2017;
Toriumi et al. 2017; Tian et al. 2018a; Young
et al. 2018; Chen et al. 2019) and sunspot
light bridges (Toriumi et al. 2015; Tian et al.
2018b). These events refer to intense compact
brightenings in transition region (TR) images
taken by the Interface Region Imaging Spectro-
graph (IRIS, De Pontieu et al. 2014). They
were named “hot explosions” or “IRIS bombs”
in some earlier studies (e.g. Peter et al. 2014;
Tian et al. 2016). The spectral profiles of some
emission lines from the Si iv and C ii ions in
UV bursts are significantly enhanced and broad-
ened, often with several chromospheric absorp-
tion lines such as Ni ii 1335.20 and 1393.33 A˚
superimposed.
Coordinated IRIS and ground-based observa-
tions show that some EBs are connected to UV
bursts (Kim et al. 2015; Vissers et al. 2015;
Tian et al. 2016), possibly indicating heat-
ing of the plasmas near the TMR to more than
104 K (e.g., Rutten 2016). However, 1D ra-
diative transfer models of EBs suggest that the
TMR cannot be heated to such high temper-
atures (Fang et al. 2006; Bello Gonza´lez et
al. 2013; Berlicki et al. 2014; Hong et al.
2014; Fang et al. 2017; Hong et al. 2017a,b;
Reid et al. 2017). On the other hand, MHD
simulations of reconnection show that plasmas
around the TMR can be heated to a few tens of
thousand Kelvin if the magnetic field is strong
and plasma β is low (Ni et al. 2016, 2018a,b).
Hansteen et al. (2017) successfully reproduced
EBs and UV bursts at different heights in 3D
radiative MHD simulations. However, in these
simulations EBs and UV bursts occur at differ-
ent times and different locations, which is dif-
ferent from observations.
The exact relationship between EBs and UV
bursts is still under debate. The fact that ex-
isting EB models cannot produce UV burst sig-
natures possibly imply that these two types of
events occur at different heights (e.g., Fang et
al. 2017). Due to line-of-sight superposition,
the possible height difference is difficult to be
resolved from disk-center observations. How-
ever, near the limb EBs often reveal a flame-
like structure due to the projection effect. With
such a viewing angle, the possible height dif-
ference may be resolved from coordinated ob-
servations between IRIS and a large-aperture
ground-based telescope.
In this paper, we investigate the spatial and
temporal relationship between flame-like EBs
and their corresponding UV bursts using co-
ordinated near-limb observations between IRIS
and the 1.6–meter Goode Solar Telescope (GST,
Cao et al. 2010). Our results suggest that UV
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bursts and EBs likely occur at different heights
during a common reconnection process.
2. OBSERVATIONS AND DATA
REDUCTION
We first searched coordinated near-limb ob-
servations between GST and IRIS satisfying the
following criteria: (1) GST took images at Hα
core and ±1 A˚; (2) IRIS took images with the
2832 A˚ filter and at least one of the 1330/1400
A˚ filters. Only two datasets meet our criteria.
The first dataset was taken on 2017 May
27. IRIS performed a large coarse 16-step
raster (120′′ along the slit, 16 raster steps with
a 2′′ step size) of NOAA AR 12659 during
17:01–22:07 UT. The pointing coordinate was
(740′′,185′′). Slit-jaw images (SJI) were taken
with the 1330, 2796, and 2832 A˚ filters, at ca-
dences of 21 s, 21 s, and 83 s, respectively.
We only used SJI 1330 and 2832 A˚, and de-
graded the temporal resolution of the 1330 A˚
images to that of the 2832 A˚ images. The
spatial pixel size was ∼0.′′17 for both SJI and
spectral images. The spectral dispersion was
∼0.051 A˚/∼0.025 A˚ in the near/far ultraviolet
band. In this observation images of the Si iv
1393.76 A˚ spectral window were not transmit-
ted to the ground. The Visible Imaging Spec-
trometer (VIS) of GST took images at Hα core,
and Hα wings at ±1 A˚, ±0.8 A˚, ±0.6 A˚, ±0.4 A˚
and ±0.2 A˚ alternately during 16:43–22:43 UT,
with a ∼53 s cadence at each wavelength posi-
tion. The spatial pixel size of Hα images was
∼0.′′03.
The second dataset was obtained on 2015
June 25. IRIS performed a large sparse 16-
step raster (120′′ along the slit, 16 raster steps
with a 1′′ step size) of NOAA AR 12371 during
17:22–22:05 UT. The pointing coordinate was
(656′′,249′′). Slit-jaw images were taken with
all the four filters, each with a cadence of ∼17
s. Only the 1400 and 2832 A˚ images were used.
We did not use the 1330 A˚ images, since the
same UV bursts are present in both the 1400
and 1330 A˚ images and UV bursts were identi-
fied primarily from the Si iv 1393.76/1402.77 A˚
lines in many previous studies. The spatial pixel
size was ∼0.′′33 for SJI images. As the slit did
not cross any EB-related UV bursts in this ob-
servation, the spectral data were not analyzed.
The GST/VIS took images at Hα core, and Hα
wings at ±1 A˚ and ±0.6 A˚ alternately during
16:49–21:46 UT. The cadence of Hα images at
each wavelength was∼34 s, and the spatial pixel
size was ∼0.′′03. We degraded the temporal res-
olution of SJI images to that of VIS images.
The coalignment procedures between the IRIS
and GST/VIS images for both datasets are sim-
ilar: (1) We used the fiducial lines of IRIS to
coalign the images taken in different SJI filters
and spectral windows. (2) The IRIS SJI 2832
A˚ images were internally aligned by using the
cross-correlation technique to remove jitters.
The obtained shifts were applied to the simulta-
neously taken 1330/1400 A˚ and spectral images.
(3) After filtering out bad frames, the GST/VIS
images taken at each wavelength position were
internally aligned using the cross-correlation
technique. (4) By comparing commonly ob-
served features such as sunspots and/or fibrils,
VIS images taken at different wavelengths can
be coaligned. (5) The coalignment between SJI
and VIS images was finally achieved by com-
paring commonly observed features of sunspots
and granules in the 2832 A˚ and Hα ±1 A˚ images
frame by frame.
3. RESULTS AND DISCUSSION
Figure 1 presents snapshots of the two ob-
servations. For each dataset only part of the
field-of-view (FOV) is shown. From the Hα ±1
A˚ image sequences, some compact brightenings
can be identified around the sunspots. We used
a criterion of 5σ above the mean intensity at
+1 A˚ over the whole FOV to select EB candi-
dates in the 2017 May 27 data. For the 2015
June 25 observation we used the –1 A˚ images,
since prominent dark flows in the +1 A˚ images
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Figure 1. Overview of the two observations. (a)–(d): GST/VIS Hα +1 A˚ and Hα core images, IRIS/SJI
1330 and 2832 A˚ images taken around 17:04:48 UT on 2017 May 27. (e)–(f): GST/VIS Hα −1 A˚ and Hα
core images, IRIS/SJI 1400 and 2832 A˚ images taken around 18:11:26 UT on 2015 June 25. The intensities
are shown in arbitrary units.
appear to obscure some EB candidates. For
this dataset we lowered the threshold to 3σ, so
that ∼0.15% pixels pass the thresholds for both
datasets. We then examined the 11 or 5-point
Hα spectra of these EB candidates, and iden-
tified 161 EBs from the two datasets. In the
meantime, we can see some transient compact
brightenings from the IRIS 1330 and/or 1400
A˚ images. Similarly, we used a threshold of 3σ
to identify UV bursts from the 1330 A˚ images
taken on 2017 May 27. For the 2015 June 25 ob-
servation, we used a threshold of 2.5σ to identify
UV bursts from the 1400 A˚ images. A similar
approach has been suggested by Young et al.
(2018). Twenty (∼12%) of the identified EBs
appear to be associated with UV bursts. This
fraction is not that different from the fractions
found by Grubecka et al. (2016) and Tian et
al. (2016).
Note that a more strict identification of UV
bursts relies on an examination of the IRIS spec-
tra. However, only a few compact brightenings
in the TR images were scanned by the IRIS
slit. An example is presented in Figure 2, where
the slit crosses a brightening in the IRIS/SJI
1330 A˚ image taken around 17:57:20 UT on
2017 May 27. We examined the IRIS spectra
at the brightening, and found that the Si iv,
C ii and Mg ii line profiles are greatly enhanced
and broadened. The absorption feature of Ni ii
1335.20 A˚ is also obvious. Thus, this brighten-
ing is a typical UV burst (Peter et al. 2014;
Young et al. 2018). We also notice the follow-
ing characteristics for this UV burst: (1) the
O iv 1401.156/1399.774 A˚ lines are very weak;
(2) the Mg ii k, h, and subordinate lines reveal
a significant enhancement at the wings and no
obvious enhancement in the cores; (3) the S i
1401.514 A˚ line is broadened with a central re-
versal. These properties are similar to those of
EB-related UV bursts (Tian et al. 2016). We
can clearly see two EBs within the spatial range
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Figure 2. IRIS and GST observations of an EB-related UV burst and its corresponding EBs. (A): IRIS/SJI
1330 A˚ image taken at 17:57:20 UT on 2017 May 27. The cyan dashed line marks the IRIS slit position. (B):
GST/VIS Hα +1 A˚ image taken at 17:57:32 UT. The solid and dashed blue contours in (A) and (B) indicate
the location of the UV burst identified using a threshold of 3σ and 5σ, respectively. The red contours in (B)
mark the EB locations. (C)–(E): Simultaneously taken IRIS spectral images in three spectral windows. The
intensities in (A)–(E) are shown in arbitrary units. (F): Normalized Hα spectral profile (the purple line)
at the location marked by the purple plus sign in (B). The black line represents the reference line profile.
(G)–(I): IRIS spectra (purple lines, in the unit of countrate) at the location marked by the purple diamond
in (A). The black lines represent the reference spectra from a plage region. The rest wavelengths of several
spectral lines are marked by the vertical dashed lines in (F)–(I).
covered by this UV burst. The Hα profile of the
northern EB is presented in Figure 2(F), which
shows an obvious enhancement at the wings and
no enhancement at the core. The other EB has
a similar Hα profile. The UV burst appears to
overlap more with the northern EB, which be-
comes evident if we increase the threshold from
3σ to 5σ for UV burst identification. In addi-
tion, compared to the southern EB, the inten-
sity variation of the northern EB shows a much
higher correlation with that of the UV burst,
suggesting that the UV burst is likely associ-
ated with the northern EB only. Another pos-
sibility is that these two EBs form at the foot-
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points of a chromospheric loop, all of which is
heated during reconnection (Reid et al. 2015).
In this case the two EBs should be located in
magnetic field regions with opposite polarities,
which cannot be confirmed in this near-limb ob-
servation. It is worth mentioning that the ref-
erence Hα line profile (averaged over the whole
FOV) is asymmetric, and the intensities at the
blue wing are lower than those of the red wing.
This asymmetry is not physical. To remove this
instrumental effect, we have forced the reference
profile to be symmetric by multiplying the in-
tensity at each wavelength position at the blue
wing by a factor. The line profile at each EB
was then scaled using these factors at multiple
wavelengths. Note that this asymmetry does
not affect our EB identification, since only the
relative changes of spectral intensities need to
be considered.
Previous observations showed that most com-
pact transient brightenings in SJI 1330/1400 A˚
images have significantly enhanced and broad-
ened Si iv and C ii line profiles (e.g., Tian et
al. 2016; Chen et al. 2019). Thus, we treat all
such brightenings that pass the thresholds men-
tioned above as UV bursts, though we could not
examine the IRIS spectra of most brightenings
due to the observational limitation. In total we
have identified 61 UV bursts, and∼31% of them
are connected to EBs. Figure 3 presents another
two examples. The first event was observed on
2017 May 27. The intensities at the extended
wings of Hα are greatly enhanced, while the in-
tensities near the Hα core do not change too
much. Obviously, this is a typical EB. The EB
exhibits a flame-like morphology in the Hα wing
image, which is typical in near-limb observa-
tions (Hashimoto et al. 2010; Watanabe et al.
2011; Rouppe van der Voort et al. 2016). A
visual inspection of the image sequence suggests
that the UV burst is located at the top of the
flame-like EB. Such a spatial offset likely reflects
a height difference of the two phenomena. An
earlier study by Vissers et al. (2015) also sug-
gested that EBs are likely hotter in their tops.
It is also interesting that the intensity variations
of the EB and UV burst are very similar.
The second event presented in Figure 3 was
observed on 2015 June 25. Although we could
only obtain 5-point Hα spectra, we can still see
obvious enhancements only at the wings and
not at the core, consistent with the definition
of an EB. The EB also exhibits a flame-like
morphology. Moreover, it reveals an inverted
“Y”-shape structure at the footpoint, which is
believed to result from magnetic reconnection
between small magnetic bipoles and unipolar
background fields (Shibata et al. 2007). Similar
structures have also been identified from other
high-resolution observations of EBs (Watanabe
et al. 2011; Tian et al. 2016; Tian et al.
2018b). Similar to the first event, the associated
UV burst is located at the top of the flame-like
EB, and intensities of the EB and UV burst
show correlated variations.
We have examined all of the 20 identified EBs
that are associated with UV bursts, and found
that the UV bursts indeed have a clear tendency
to appear at the upper parts of the EBs. To
quantify the spatial offset between an EB and
its associated UV burst, we measured the dis-
tance between the footpoint of the EB and the
geometrical center of the UV burst. The pro-
jected spatial offsets are generally a few hun-
dred km (Figure 4), suggesting that UV bursts
are formed at least a few hundred km higher
compared to their associated EBs. We found
that all the EB-related UV bursts and their as-
sociated EBs exhibit an obvious partial overlap
in their locations, possibly indicating a partial
overlap of their formation heights. But we can
not exclude the possibility that the overlap is
caused by the projection effect.
In addition, we found that the intensities of
15 EB-related UV bursts and their associated
EBs reveal a similar temporal evolution (cor-
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Figure 3. Two examples of flame-like EBs and associated UV bursts. (a): GST/VIS Hα +1 A˚ image taken
at 17:04:48 UT on 2017 May 27. (b): IRIS/SJI 1330 A˚ image taken at 17:04:28 UT. The blue contour marks
the UV burst. The red contours in panels (a) and (b) outline the location of the EB. The intensities in (a)
and (b) are shown in arbitrary units. (c) Temporal evolution of the total intensities of Hα +1 A˚ (red) and
SJI 1330 A˚ (blue) within the yellow box shown in (a) and (b). The vertical line indicates the time shown
in (a). (d): The Hα spectral profile (the purple line) at the location marked by the purple plus sign in (a).
The reference profile is shown in black. The vertical line indicates the rest wavelength. The normalized
intensities are shown in (c) and (d). (e)-(h): Same as (a)-(d) but for another event observed around 17:52:05
UT on 2015 June 25.
relation coefficient >0.7). The coherent evolu-
tion strongly suggests that these EBs and their
associated UV bursts are caused or modulated
by a common physical process. Calculations of
the EB intensities in the other five events are
affected by unrelated brightenings or flows, re-
sulting in low correlations between the intensi-
ties of EBs and UV bursts in these events.
It has been suggested that UV bursts may
be produced by reconnection processes that are
dominated by the plasmoid instability (e.g.,
Innes et al. 2015; Ni et al. 2016). In the
2.5D simulations of No´brega–Siverio et al.
(2017) and Rouppe van der Voort et al. (2017),
plasmoids are found in a wide range of atmo-
spheric heights. In addition, recent models of
Priest et al. (2018) and Syntelis et al. (2019)
have shown that the plasma properties largely
depend on the reconnection height. Inspired
by our results and these models, we propose
the following scenario (Figure 5) to explain the
connection between some EBs and UV bursts:
During flux emergence a nearly vertical current
sheet may form and extend from the photo-
sphere to the chromosphere. The current sheet
could be located between the two sides of a U-
loop produced through interaction between the
emerging flux and convection, or at the inter-
face between the emerging flux and an overly-
ing field. As the current sheet becomes thin-
ner, plasmoid instability is switched on. As a
result, fast reconnection occurs and plasmoids
are generated at different heights of the current
sheet. Reconnections at chromospheric heights
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Figure 4. Histogram of the distance between the
footpoint of an EB and the geometrical center of
its associated UV burst.
produce UV bursts, whereas lower-height recon-
nections within the same current sheet produce
EBs. They may partially overlap in height.
Such a scenario could explain the different tem-
peratures of UV bursts and EBs, the spatial off-
set between them and their coherent intensity
variations. Occasionally two EBs may occur
close to each other simultaneously, as sketched
in Figure 5. Then the associated UV bursts
might merge to one larger event. This scenario
would be consistent with the suggestion of Reid
et al. (2015) and may explain the example
shown in Figure 2. If the current sheet does not
extend well above the TMR, we will only ob-
serve EBs. On the other hand, if reconnections
occur only at greater heights, the resultant UV
bursts will not be accompanied by EBs.
4. SUMMARY
Using two coordinated near-limb observations
between IRIS and GST, we have investigated
the relationship between UV bursts and EBs.
We have identified 161 EBs from the GST obser-
vations, with most of them exhibiting a flame-
like morphology. About twenty EBs show sig-
natures of UV bursts in the IRIS TR images.
The UV bursts often appear at the higher
parts of flame-like EBs, indicating that UV
bursts are likely formed a few hundred km above
the TMR. At such heights the plasma density is
much lower than the photospheric density and
thus is more likely to be heated to ∼8×104 K.
We have also found correlated variations of the
intensities of most EBs and their associated UV
bursts, suggesting a common cause or modula-
tion of both phenomena.
To explain our observational results, we pro-
pose that an EB and its associated UV burst are
produced by magnetic reconnection processes
at the photospheric and chromospheric heights,
respectively, within a roughly vertical current
sheet.
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